Purpose of Review With the advent of immune checkpoint inhibitors (ICIs), cancer treatment has been revolutionized; however, these agents are associated with immune-related adverse events, including myocarditis, which ranges from mild to fulminant in severity. Currently, there are no established guidelines in diagnosing ICI-associated myocarditis, and the gold standard test for diagnosis of myocarditis in general is invasive endomyocardial biopsy (EMB). Cardiac magnetic resonance (CMR) imaging is a noninvasive test with the advantage of providing structural, functional and tissue characterization information. Additionally, it provides high spatial and temporal resolution without exposure to ionizing radiation, iodinated contrast, or radioactive isotopes.
Introduction
Treatment with immune checkpoint inhibitors (ICIs) is revolutionizing cancer treatment, but at the same time, these novel therapies are associated with immune-related adverse events (irAEs) affecting almost all organs, which can be serious and life-threatening in nearly 20% of cases (1) (2) (3) (4) . These irAEs include significant cardiotoxicity, although the true incidence of cardiovascular complications is unknown. The most commonly reported cardiac irAEs are myocarditis, followed by heart failure with systolic dysfunction, pericarditis, and arrhythmias (3, (5) (6) (7) (8) (9) . Myocarditis is more common in patients receiving a combination of ICIs compared to a single agent (10) . The exact mechanism of this autoimmune myocarditis is not well established but involves disruption of the programmed cell death protein-1 (PD-1) pathway (3) . Of note, autoimmune myocarditis has been demonstrated in multiple mouse models with a deficiency in the PD-1 pathway (11) . There are currently no guidelines for monitoring or early detection of these cardiac irAEs. Prospective cardiac imaging studies have not been performed in patients receiving these therapies, and therefore, the optimal modality for detection is not known. Cardiac magnetic resonance (CMR) imaging is an invaluable tool in establishing the diagnosis of ICI-associated myocarditis in patients in whom there is a clinical suspicion.
Topical Collection on Cardio-Oncology
Early diagnosis and initiation of treatment are critical in these patients, given the fatality associated with the fulminant form of the disease.
Presentation and Diagnosis of ICI-Associated Myocarditis
The reported incidence of ICI-associated myocarditis is up to 1.33% based on case reports, case series, and an adverse event database (9, 10, 12, 13) . However, the true incidence may be higher, as no prospective screening studies have been performed. Moreover, it seems that more cases are being recognized in recent years, a trend noted in the retrospective study by Salem et al. (9) . Patients can present after the first dose or subsequent doses with a median time to presentation being approximately 1 month after initiation of ICIs (7-10, 13, 14) . The overall incidence of all irAEs is higher with combination anti-cytotoxic T lymphocyte-associated protein 4 (anti-CTLA4) therapy, such as ipilimumab, with anti-PD1 therapy, such as nivolumab and pembrolizumab (15) , and this trend holds true for cardiac irAEs as well (9, 10) . In a case series of 35 patients with ICI-associated myocarditis, Mahmood et al. noted increased incidence in patients who had received combination therapy (10) . The incidence of other concomitant irAEs was variable in the patients with ICI-associated myocarditis (9, 10) , and other risk factors for ICI-associated myocarditis have not yet been well established.
Troponin elevation has been well reported in and is used as a clinical marker for diagnosis and prognosis with myocarditis in general (16, 17) . However, the troponin elevation depends on the timing of when it is checked in the course of disease and can lack specificity (17) . Additionally, the sensitivity of troponin elevation specifically in ICI myocarditis is not yet known. Based on a review of 42 cases of ICI-associated myocarditis, there were 3 cases with no troponin elevation which had an established tissue diagnosis of autoimmune myocarditis with lymphocytic infiltration (8, 12, 18, 19) . In a recent study of 76 melanoma patients who had prospective screening with troponin-I for surveillance of ICI-associated myocarditis, no patients developed the disease. However, 17% had minimally elevated high sensitivity troponin with no other evidence of myocarditis, suggesting a low screening yield for identification of clinical disease, but perhaps suggesting subclinical cardiotoxicity (20) . Electrocardiogram (ECG) findings with ICI-associated myocarditis are highly variable, ranging from nonspecific ST segment and T wave changes, ST elevations, and 1st and 2nd degree AB block to complete heart block (8, 21, 22) . ICI-associated myocarditis has been reported to have variable echocardiographic (echo) findings, ranging from normal LV ejection fraction (LVEF), mildly reduced to severely reduced LVEF, biventricular reduced ejection fraction and regional wall motion abnormalities. In a case series of 35 patients from a multicenter registry with 8 sites, LVEF was normal in 51% of patients with ICI-associated myocarditis (10) . In another review of reported cases of 42 patients of ICI-associated myocarditis, 36% reported normal EF (8) . Additionally, takotsubo-like syndrome as a cardiotoxicity manifestation has been reported in a couple of cases treated with combination ICIs (23) .
Endomyocardial biopsy (EMB) is considered the gold standard for diagnosis of myocarditis in general. However, given the sampling error, a negative biopsy does not conclusively rule out myocarditis if there is patchy involvement, as has been noted in viral myocarditis (24) . Lymphocytic infiltration with T cell prominence has been noted on biopsy and some autopsies in patients with ICI-associated myocarditis (10, 18, 26) , though the sensitivity and specificity of biopsy in ICI associated myocarditis has not been defined. Also, being an invasive procedure, it carries a complication rate of 6%, with 0.1-0.5% of those being serious complications (25) . Historically, prior to the advent of ICIs, indications for EMB have been limited to patients with significant heart failure, dangerous arrhythmias, and hemodynamic compromise, making it a nonideal tool for early diagnosis [Cooper 2007 ]. Guidelines for endomyocardial biopsy to confirm ICIassociated myocarditis are not currently available.
Management of patients with ICI-associated myocarditis has so far been reported to include high-dose glucocorticoids in the majority of patients, with other immunosuppressants such as infliximab or IVIG in used in some steroidrefractory patients, and case reports with the successful use of ATG in patients with fulminant disease (7, 13, 14, (27) (28) (29) (30) . In general, ICI therapy is discontinued in patients diagnosed with ICI-associated myocarditis, as this is categorized as a high-grade irAE (4, 31) . Given the limited number of reported cases, the data on reporting of major adverse cardiovascular events (MACE), defined as a composite of cardiovascular death, cardiogenic shock, cardiac arrest, and hemodynamically significant complete heart block, is limited as well. The incidence of MACE has been reported to be fourfold higher in patients with a troponin T level of > = 1.5 ng/ml (10) . Additionally, in a cohort of ICI-associated myocarditis patients with a normal EF, 38% still experienced MACE (10).
Role of Cardiac MRI in Assessment of ICI-Associated Myocarditis
The diagnosis of ICI-associated myocarditis can be challenging as the clinical presentation can range from such symptoms as chest pain and shortness of breath to a presentation of heart failure or fulminant cardiogenic shock (1, 7-10, 13, 14, 19, 27, 32) . Given this variable clinical presentation, nonspecificity of cardiac biomarkers and ECG changes, variable echocardiogram findings, and the limited indication of EMB, there is a need for a noninvasive diagnostic tool for accurate diagnosis. CMR can comprehensively assess biventricular function, regional function, and tissue characterization of inflammation and fibrosis, making it ideal for bridging this need. Furthermore, CMR does not expose patients to ionizing radiation, iodinated contrast, or radioisotope, is not limited by the patient's body habitus, and produces images with high spatial and temporal resolution (33) . Most of the cases of ICI-associated myocarditis who underwent CMR had positive diagnostic findings; however, there have been a couple reported cases of CMR without diagnostic findings of myocarditis in this disease state (7) (8) (9) 15) . A recent review by Ganatra and Neilan on ICI-associated myocarditis outlines an algorithm enlisting CMR as a tool to both establish diagnosis in patients and confirm abnormalities found in troponins, NT-proBNP, ECG, and echocardiogram (12) .
CMR is a well-established noninvasive tool for diagnosing myocarditis in general (33) (34) (35) . The Lake Louise Criteria were established by the International Consensus Group on CMR diagnosis of Myocarditis for patients with suspected myocarditis (34) . The Lake Louise Criteria require 2 or more of the following to establishing the diagnosis of myocarditis: presence of edema, early gadolinium enhancement, and late gadolinium enhancement (LGE). The overall sensitivity with these criteria for diagnosis of myocarditis was noted to be 68%, with a specificity of 91% and diagnostic accuracy of 78% (34) . In 2018, a scientific expert panel provided an updated consensus recommendation for diagnosis of myocarditis, including the use of parametric mapping techniques, which provide a more quantitative assessment of tissue characterization (34, 35) . The updated Lake Louise Criteria require at least one T2-based and one T1-based positive finding to establishing the diagnosis of acute myocardial inflammation, with the presence of only one of the two still supportive of the diagnosis (35) . Other supporting criteria include evidence of pericarditis and regional or global LV dysfunction (34, 35) . In general, acute myocarditis tends to have positive findings on both T1-and T2-based imaging, and in more chronic states, such as rheumatologic disease-associated autoimmune myocarditis, these findings can also be seen in a significant number of patients (34) .
Pericardial effusion and myopericarditis are reported irAEs with ICIs, occurring less frequently compared to myocarditis alone (9) . Additionally, some cases with isolated ICI-associated pericarditis have been reported as well (5, 36) . CMR can be a very helpful tool for diagnosis of pericarditis, demonstrating a thickened, inflamed, and possibly fibrotic pericardium. At the same time, it can determine presence or absence of ventricular interdependence in cases of suspected constriction. In our retrospective study, we had one case of ICI-associated pericarditis in the setting of a normal LVEF ( Fig. 3 ).
Structural and Functional Analysis
Patients with ICI-associated myocarditis have been found to have a reduction in their LVEF, isolated RV dysfunction, or biventricular dysfunction, with a varying degree of abnormalities in regional wall abnormalities in some of these patients (7, 8, 10, 23) . The role of echocardiography in structural and functional assessment of LV and RV function in patients with myocarditis has been well established (37, 38) . However, in general, CMR is the gold standard for accurate assessment of left and right ventricular systolic function, providing high spatial resolution without geometric assumptions or limitations from body habitus (33, 39) . Evaluation of LV and RV function by CMR is preferred using the steady-state free precession (SSFP) cine imaging acquisition, which gives a clear delineation between the myocardium and blood pool (40, 41) . A contiguous cine SSFP short axis stack (SAS), covering the entire ventricle from base to apex, is obtained perpendicular to the LV long axis with a slice thickness of 6-10 mm, using ECG gating and breath hold technique (33) . For assessment of volumes and EF, contouring of the LV and RV endocardial borders is performed in both end-diastole and end-systole, either using manual or semiautomatic methods via postprocessing software by Simpson's summation of discs method ( Fig. 1 ). Additionally, standard two-chamber, three-chamber, and four-chamber long axis views also provide information on the structure and regional function of the LV and RV. The functional assessment and volumes obtained by CMR have been validated to be highly reproducible and have low variance on repeated measurement (42) .
LV mass can also be accurately measured on CMR using the cine SAS with endocardial and epicardial contours. Papillary muscles and trabeculations can either be included or excluded from the LV mass, as papillary muscle mass accounts for approximately 9% of LV mass (43, 44) . There has been no published data on changes in LV mass in ICIassociated myocarditis. However, a transient decrease in LV mass and increase in LV thickness has been observed in patients with myocarditis in general (45) . Further research is needed for observing the changes in LV mass in patients with ICI associated myocarditis ( Fig. 3 ).
Myocardial Inflammation Assessment
T2-weighted imaging on CMR is a non-contrast tissue characterization technique which provides information related to regional or global increases in myocardial water content (33) . Native myocardial T2 relaxation times are lengthened by increased water content in inflammatory states, which produces increased signal intensity on T2-weighted images (46) . The techniques commonly utilized are breath-held, black blood short-tau inversion recovery sequence (STIR), or T2 prepped SSFP, with either double or triple inversion recovery (34, 35) . Increased signal intensity on T2-weighted imaging is highly sensitive for the presence of myocardial edema. It is an established criterion for the diagnosis of myocarditis in the original as well as in the updated Lake Louise Criteria (34, 35) . Therefore, patients with ICI-associated myocarditis would be expected to have hyperintensity on T2-weighted imaging. However, the challenge with traditional T2weighted imaging using double or triple inversion recovery turbo spin echo sequence is that the qualitative assessment of the increased signal requires a visual reference of normal myocardium. This is a limitation in this technique when a diffuse process is present, as can be the case with myocarditis, and potentially with ICI-associated myocarditis specifically.
Assessment using quantitative myocardial edema as defined by a T2 myocardium to muscle ratio (T2 ratio) of > 1.9 can be useful in these patients (47) . In a review of 15 patients who underwent CMR at our institution for evaluation of ICI associated myocarditis, qualitative T2-weighted imaging was visually unrevealing in 12 of these patients. However, analysis using quantitative myocardial edema T2 ratio was noted to have a mean of 2.2 in the lateral and septal wall segments, suggesting more diffuse edema in this disease state (48) . showing mildly reduced ejection fraction with regional wall motion abnormalities who was referred to our institute given concern for myocarditis. Panel A. 4-chamber view, demonstrating patchy increased signal intensity on T2-weighted imaging (white arrow), which is better appreciated on T2 mapping as seen in panel B (black arrow) and post-contrast images demonstrating corresponding region with LGE as seen in panel C (yellow arrow). Also, increased pericardial signal intensity noted on T2 mapping seen in panel B (blue arrow), which is not well appreciated on the T2-weighted images, and seen on the postcontrast images as well, panel C (red arrow), overall findings suggestive of myopericarditis More advanced quantitative methods include parametric mapping, a specialized tool which is highly sensitive and provides quantification of myocardial tissue characteristics on CMR in various disease processes, such as myocarditis, myocardial siderosis, amyloidosis, Anderson-Fabry, anthracycline cardiotoxicity, and various others (49, 50) . Parametric mapping techniques allow for quantification of myocardial T1 and T2 relaxation values with a high signal to noise ratio and can quantify extracellular volume (ECV) percentage (35) . The basic technique for T2 mapping involves acquiring source images with different echo times and plotting the T2 decay curves to generate pixel-wise fitting and a subsequent map (49) . A consensus statement by the Society for Cardiovascular Magnetic Resonance endorsed by the European Association for Cardiovascular Imaging on use of parametric mapping provides an excellent guide for its use in the various clinical situations, including myocarditis (49) . In myocarditis, T2 mapping can augment significantly the diagnosis of myocardial inflammation, clarifying it's presence or absence, as demonstrated in a myocarditis patient from our institute (Fig. 2) . In fact, parametric mapping techniques have been shown to be sensitive for detecting subclinical myocarditis in patients with systemic inflammatory diseases (49, (51) (52) (53) (54) . Native T1 mapping techniques are also a sensitive indicator for presence of myocardial edema in both acute and chronic myocarditis (35) . A study by Ferrira et al. demonstrate that quantification of myocardial native T1 relaxation values can help detect the location, extent, and patterns of acute myocarditis without the need for contrast (55) . There are various T1 mapping sequences available commercially with the modified look-locker inversion recover (MOLLI) or shortened-MOLLI (ShMOLLI) being commonly utilized given the shorter scan times (43, 49) .
Fibrosis Assessment
Myocarditis is associated with myocardial inflammation, hyperemia, and subsequently myocardial injury with varying degrees of necrosis and fibrosis, which can be a prognostic indicator for long-term outcomes. CMR can provide tissue characterization, including detection of myocardial early enhancement and late gadolinium enhancement (LGE) after administration of gadolinium-based contrast agents (GBCA). GBCAs are extracellular based, do not enter normal intact myocardial cells, and are cleared, except when there is hyperemia, ruptured cell membranes, or fibrosis, in which case the GBCA is retained and produces high signal as noted on LGE imaging. T1-weighted spin echo imaging after administration of the GBCA can detect early gadolinium enhancement, as it accumulates in the extracellular space, which is increased due to hyperemia (35) . Ultimately, fibrosis suggested by the presence of LGE is noted as bright increased signal intensity on delayed imaging obtained 10-15 min after administration of the GBCA. Various patterns of LGE have been recognized in patients with acute myocarditis, including focal areas of midmyocardial to epicardial delayed enhancement. Similarly, in reported cases with ICI-associated myocarditis, the pattern of LGE involvement ranges from mid-myocardial to epicardial, subepicardial, and diffuse LGE (10, 18, 56) . The retrospective review of patients who underwent CMR for concern of ICI myocarditis at our center demonstrated that 75% revealed LGE in a non-ischemic pattern, with mid-myocardial involvement being the most common pattern (56) .
Increase in the myocardial T1 relaxation values is noted post-contrast on the parametric mapping techniques as the GBCA alters the myocardial T1 relaxation. T1-based criteria for the diagnosis of myocarditis include traditionally used presence of LGE and increased myocardial T1 relaxation times or calculated ECV based on the parametric mapping (35) . With parametric mapping techniques, native T1, T2, and ECV have been noted to be elevated in patients with myocarditis (49) . ECV is calculated from native T1 mapping and post-contrast T1 mapping values, the patient's hematocrit, and blood pool quantification with a well validated formula (49) . A comprehensive review of T1 mapping and ECV by Haaf provides a reference range for normal ECV of around 25% (57) . ECV can be increased in myocarditis and in other cardiomyopathies, including anthracycline induced cardiotoxicity, as demonstrated in a breast cancer patient from our institution (35, 49, 50, 57) (Fig. 4) . ECV values have not been reported in ICI-associated myocarditis. However, tissue analysis in ICI-associated myocarditis has demonstrated inflammatory infiltrate, mostly leucocytic, with an increase in extracellular volume, suggesting that this technique may be helpful in this disease state (58) .
Myocardial Strain Imaging
Myocardial strain is the deformation of the myocardium from the initial state in end-diastole compared to systole, expressed as a percentage, which can be measured in longitudinal, circumferential, and radial dimensions and has been used in trans-thoracic echocardiography (TTE) to detect preclinical and subtle changes in LV function before a drop in the LVEF (59) . Global longitudinal strain (GLS) assessment by TTE has been used in the diagnosis and follow up of patients with chemotherapy-induced cardiotoxicity (60) and has been incorporated into screening guidelines (61) . There is very limited published data related to the use of TTE GLS in patients with ICI-associated myocarditis. Reduced TTE GLS has been noted in patients with ICI-associated myocarditis with either normal or reduced LVEF and was associated with increased MACE (65).
However, limitations with TTE strain include the need for good image quality, which is dependent on patient factors, including acoustic windows, and inter-vendor variability. Myocardial strain assessment by CMR can overcome some of these patient factors; however, there is variability in techniques for obtaining myocardial strain by CMR as well. There are various methods including CMR tagging, CMR feature tracking (CMR-FT), displacement encoding with simulated echos (DENSE), and strain encoding (SENC) imaging, all of which have their own limitations (59, 62) . CMR-FT is similar to the TTE speckle tracking method, where it identifies and tracks the features in the image. CMR-FT method does not require additional sequences or acquisitions and can be calculated by post-processing the cine SAS and long axis sequences by various commercially available software. Reduction in CMR circumferential strain (CS) was noted in patients after anthracycline exposure, which was predictive of an early preclinical drop in LVEF (63) . Based on our experience with a retrospective study of breast cancer patients, CMR-FT GLS demonstrated a moderate correlation with TTE GLS (64) (Fig. 5 ). SENC imaging utilizes magnetization tags to detect myocardial compression and is a separately acquired CMR Fig. 4 57-year-old female with history of stage IIA invasive ductal carcinoma of the left breast, status post radiation and anthracycline therapy, who was noted to have a mild drop in the LVEF on echocardiogram and referred for CMR. LVEF was mildly dilated with mildly depressed LVEF at 46%, with mild global hypokinesia and no regional wall motion abnormalities, there was no evidence of LGE on post-contrast images. Parametric mapping was performed given the concern for anthracycline related cardiotoxicity, which showed increased ECV at 38% consistent with the diagnosis. Panel ). CMR myocardial strain information, in conjunction with LVEF and tissue characterization, could also potentially be used in the future for risk stratification of patients with ICI myocarditis and help guide need for early aggressive management in high-risk patients.
Prognosis and Surveillance
CMR is not only an invaluable tool for the diagnosis of myocarditis in general, but also it is an excellent tool for providing prognostic information in these patients (66) . LVEF and myocardial strain have been utilized in the field of cardio-oncology for monitoring cardiotoxicity from chemotherapy agents, such as anthracyclines (60) . However, as noted in various case reports and case series, the LVEF in ICI-associated myocarditis can be normal or reduced. Interesting, a reduced LVEF was not associated with increased MACE in ICI-associated myocarditis, according to a recent review of 35 patients from a multicenter registry (10) . In the retrospective review of patients who underwent CMR for concern for ICI myocarditis at our center, 75% of patients were diagnosed with and treated for ICI-associated myocarditis, and 58% of patients had recovery of LVEF (56) . In a retrospective study of 668 patients with suspected myocarditis by Gräni et al., with a median follow up of 4.7 years, presence of LGE was associated with a more than double the risk of major cardiovascular adverse events with a hazard ratio 2.22 (95% confidence interval: 1.47 to 3.35, p < 0.001) (66) . Gräni et al. performed a comprehensive study of patients with myocarditis using various methods for scar quantification including 2 SD, 3 SD, 4 SD, 5 SD, 6SD, and full width half maximum (FWHM) (67) . They showed that scar quantification using full width half maximum method, followed by visual LGE scoring, can be used for risk stratification in patients with myocarditis and predict MACE (67) . Similarly, scar quantification by CMR could be utilized in risk stratification of patients with ICI associated myocarditis. Parametric mapping can also be a helpful prognostic tool as demonstrated on a recent study by Grani et al., which showed a significantly increased MACE associated with an ECV > 35% in myocarditis patients (68) . Myocardial strain is not well studied and reported in patients with ICI-associated myocarditis but has potential for detecting a preclinical reduction in LVEF and could be part of a CMR evaluation for screening and monitoring patients with suspected ICI-associated myocarditis.
Conclusions
With the knowledge from the reported cases of ICI-associated myocarditis in the literature, and based on experience at our own institution, the clinical presentation can be quite variable, ranging from mild to fulminant fatal myocarditis. Furthermore, the traditional clinical adage of viral myocarditis with troponin elevation, ECG changes, and focal myocardial involvement, as noted on CMR, is not always seen in ICI associated myocarditis. There have been reported cases of ICI-associated myocarditis with no elevation of cardiac biomarkers, normal LVEF, and nonspecific ECG changes, making the diagnosis even more challenging, although it is unclear how many patients with lymphocytic infiltrate on biopsy with other negative findings would be expected to progress to a more severe form of myocarditis. CMR is an imaging tool with high sensitivity and specificity for assessment of LV Myocardial or pericardial edema/inflammation and fibrosis and RV function, regional wall motion, presence of myocardial edema, detection of LGE, and ECV quantification, all helping to bridge the gap in making an accurate diagnosis. Such a proposed comprehensive CMR acquisition protocol is referred to in Table 1 . Currently, there is a lack of established values for native T1, T2 and ECV in ICI associated myocarditis, though these could be established in the future with increased use of parametric mapping in these patients. Overall, CMR carries the advantage of being a comprehensive noninvasive modality for diagnosis of ICI-associated myocarditis and holds promise for screening and serial follow up in patients exposed to ICIs.
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